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Abstract 
 In this work we present results on ZnO self-assembled microstructures obtained by modified ultrasonic 
spray pyrolysis technique. We show optical imaging and photoluminescence spectrum from a typical self-assembled 
ZnO microstructure grown on Si(100) substrate. The dendritic formation of ZnO clusters achieved with our 
technique allows us to study both structural defects and heat routes in ZnO films. After thermal treatment, enhanced 
green and red emissions were observed on PL spectrum of the ZnO microstructures. The energy band gap from a 
typical structure was 3.13 eV, lower than usual for thick ZnO film, and a clear dependence with substrate surface 
roughness was also observed.    
© 2011 Published by Elsevier B.V. 
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1. Introduction 
Zinc oxide is a well-known direct wide band gap semiconductor (3.37 eV at room temperature) with large 
exciton binding energy of 60 meV. It belongs to the group II-VI semiconductor materials and crystallizes in the 
hexagonal wurtzite structure. This type of structure presents a spontaneous electric polarization in the growth 
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direction, which allows both piezoelectric and pyroelectric properties to be present in ZnO. This multifunctional
behavior makes ZnO a promising material for applications in optoelectronics and UV based devices [1], as well as
gas sensors [2], surface acoustic waves (SAW) [3], transparent coatings and so forth.
Due its high optical transmittance in the visible range and low resistivity, ZnO has been widely studied to be used
as transparent conducting oxide (TCO) in solar cells [4]. The development of ZnO light-emitting devices has a 
disadvantage that the p-type ZnO is still difficult to obtain, although recent advances have been made by doping
ZnO with nitrogen [5-10].
The origin and control of the green emission band and the improvement of the ZnO UV photoresponse are
assumed to be the greatest challenge in the production of high quality ZnO films. Many researchers [11-15] have
reported that the green band emission on photoluminescence spectra is related to oxygen vacancies or doping, which
are demonstrated to increase the carrier concentration. Dislocations, interstitial Zn, or Zn vacancies has also been
assumed to be usually intrinsic defects, which lowers the UV photoresponse signal [12].
In this work we demonstrate a different way to observe intrinsical defects in ZnO structures. For this, we 
obtained self-assembled ZnO clusters, which were grown on Si(100) substrates and annealed in a vacuum
atmosphere. Optical images from the dendrictic ZnO formation and a photoluminescence spectrum from one typical
microstructure are showed, indicating that structural damages induced by thermal treatment enhances the green and
red emission bands.
2. Experimental procedure 
In order to obtain ZnO microstructures we used as precursor a solution of dihydrate zinc acetate
(Zn(CH3COO)2·2H2O) diluted in ultrapure water at concentration of 0.05 M. The solution droplets were
generated by ultrasonic cavitations of a quartz crystal and fells on the silicon (100) substrate at room temperature.
The deposition time was fixed to 1 hour. As result of this deposition, we obtained on the substrate several droplets of
zinc acetate solution, deposited randomly and with different sizes. After this, it was put inside a tubular oven pre-
heated at 450ºC and the thermal treatment lasted for 1 hour in air atmosphere. Following that, we performed an 
annealing at 500ºC in vacuum. This procedure was made to create cracks and to increase the oxygen vacancies.
Before the deposition, the Si(100) substrates were merged on isopropyl alcohol and stirred in ultrapure water. In
some of our substrates we preserve the natural layer of SiO2, which let the substrate surface rough, whereas in the 
other we merged the silicon substrate for approximately 15 seconds in a hydrofluoric acid solution (HF 40%) to 
remove the SiO2 natural layer. This procedure let the silicon surface flat and hydrophobic. These two different ways
of silicon cleaning were used to produce the microstructures.
Optical imaging was used to observe the roughness and formation of these structures. For this, we use an
OLYMPUS BX51optical microscope coupled with an OLYMPUS UPMTVC camera. Dark-field images were
performed to improve the contrast between the microstructures and the substrate.
Room temperature photoluminescence spectrum was obtained using as excitation source the 325 nm line from a 
He-Cd laser and the collected light was analyzed by a 0.5 m spectrometer with a GaAs photomultiplier.
3. Results and Discussion
In order to produce microstructures the use of spray pyrolysis is mandatory. Alternative tests using casting
led to excessive large droplets and the final result was not satisfactory. The developing of our spray pyrolysis
technique allowed us to manipulate the precursor solution at a more controlled fashion, bringing to light interesting
morphologies of ZnO, as showed in Figure 1. There, optical image of the microstructures were obtained after the
first thermal treatment at 450ºC and reveals interesting patterns of ZnO: from ramifications, as seen in Fig. 1(a), (b)
and (c), to complex “backbone” structures, like in Fig. 1(d). Possibly, these types of patterns were caused by caloric
route during the thermal treatment procedure. Also, since ZnO is a pyroelectric material, we could imagine that this
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kind of structure might be related to production of carriers during the thermal process; these considerations are
suggestive, although only speculative at this point.
Figure 1: Dark-field optical imaging from typical microstructures obtained on Si(100). (a) to (d) are representative of different dendritic 
morphologies found  in our samples.
The next step was to investigate the influence of substrate surface conditions on microstructure formation.
In order to avoid influence of crystalline nature of the Si substrate on ZnO growth, we did not remove native SiO2
layer before depositing the precursor solution. We modify our process in order to include a stirring bath of Si
substrate in HF (40%) solution for removing the natural layer of SiO2 that is generally present in the silicon surface. 
This procedure leads to a substrate with a hydrophobic surface layer, smooth in the length scales relevant for this 
experiment. In Fig. 2 we present representative optical images of microstructures from a sample grown on (a)
substrate without native oxide, and (b) substrate with SiO2 layer. Comparing the pattern shown in these two images,
we observed that the ZnO deposited film is more homogeneous when substrate surface is not rough, what one would 
expect (the circular form is due to the effect of the evaporating water drop, during the thermal treatment). Fig. 2(b),
on the other hand, showed again the backbone-like structure, with connecting ramifications from the two sides. This
reinforces the idea of heat paths as main driving force for the dendrictic ZnO microstructures, and it will be
investigated elsewhere using computational simulations of the growing process.
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Figure 2: Optical micrographies showing the differences between the structures deposited on Si substrate (a) without the natural SiO2 layer, and 
(b) with the oxide layer.
After we acquired these dark field optical images, we annealed a structure with a pattern similar to those
shown in Fig. 1(b) at 500º C, in vacuum. After this thermal treatment, the structures presented several cracks, which
are believed to be the origin of the defect bands discussed below.
Figure 3: Room Temperature photoluminescence spectrum from a ZnO microstructure annealed at 500ºC.
The photoluminescence (PL) spectrum of this cracked structure is showed in Figure 3. Three separate PL
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nd e observed, and were fitted by gaussian line shapes. Green lines in Fig. 3 are the individual gaussians and 
red curve is the overall fitting to the data. The first contribution, around 390 nm, is identified as the band edge,
which corresponds to an enegy gap of 3.13 eV, lower than the usual values for thin films and nanostructures, but
very close with the result found for ZnO powder by Maesiri  et al. [15]. The second peak, at 510 nm, is due to the
oxygen vacancies, possibly originated through the annealing in a vacuum chamber. The third structure, centered at
630 nm, is called the red emission peak, is related to a sum of other intrinsic defects in ZnO films, already found in
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recent works [16], although their physical origins are still under investigation. It is interesting to note that despite the 
annealing being performed in vacuum, the PL spectrum presents a well defined UV band gap emission.  
4. Conclusion 
Zinc oxide microstructures were grown on Si(100) substrates using the spray pyrolysis technique. Clusters of 
ZnO with micrometrical size showing ramifications of submicron size and backbone structures have been observed 
using dark-field optical imaging and the formation of these structures is shown to be dependent on the surface 
roughness. Photoluminescence spectrum of a typical microstructure shows the near band edge peak at 3.13 eV and 
two additional bands related to the oxygen vacancies and other unknown origins. As this kind of structure is self–
assembled and composed of pure ZnO, is transparent in the visible range, and presents a larger superficial area 
compared to flat thin films, it can be useful in experiments where spread of light might be needed. 
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